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Rotatlonally invariant trellis code 





(57) A rotatlonally invariant trellis coder is provided 
for encoding data to be transmitted using a two-dimen- 
sional symbol modulation. A precoder. provided at the 
transmitter, processes data such that a counterpart post- 
coder at the receiver will provide an output that is invar- 
iarn to any multiple of a 90'' rotation. An encoder encodes 
the preceded data using a transparent binary oonvolu- 
tional code, which can be a punctured or unpunctured 
code. The encoded data is mapped to a two-dimensional 
signal space having a plurality of signal points. The sig- 



nal points are labeled with unique binary codes in which 
the two least significant bits, denoted by (Ij. Qj). are per- 
muted and partially complemented to (S-y Ij) for each 90'' 
phase rotation arourxi the signal space. The remaining 
most significant bits for each point if any, are invariant 
to such rotation. The postcoder provided at the receiver 
inverts the precoder and is feedback-free, thus limiting 
error propagation. 
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Description 

BACKeRQUND OF THE INV^rfnON 

5 The present inventton relates to the oommunication of digital data using trellis coded modulation, and more partic- 
ularly to a method and apparatus (or incorporating a rotationally invariant trellis encoding/decoding scheme into a quad- 
rature phase shift keyed (QPSK) or quadrature amplitude modulation (QAM) transmission system. One of the various 
applications for which the present invention is particularly well suited is in the transmission of digital television signals. 
Digital data, for example, digitized, compressed television (NTSC) or high-definition television (HDTV) signals can 
10 be transmitted over tenestrial very high frequency (VHF), ultra-high-frequency (UHF), satellite channels or cable tele- 
vision analog channels to end users. In order to communicate digital data via an analog channel, the data is nnodulated 
using, for exanple. a form of pulse amplitude modulation (PAM). Typically, quadrature amplitude modulation {QAM) or 
single-sideband (SSB) nxxiulation is chosen to efficiently use the availat>le channel bandwidth. QAM is a quadrature, 
or orthogonal combination of two PAM signals. When viewed as coordinates of a plane, the combined PAM signals form 

IS a signal space or "constellation" of possible transmission levels. Each transmitted constellation point is called a symbol. 
For example, two irxiependent. quadrature four-level AM signals form a 16-QAM constellation which encodes four bits. 
A 32-poiht constellation can be formed with dependent six-level AM quadrature signals, encoding five bits per symbol. 
In systems that have a lower carrier-to-noise ratio (CNR) than can be tolerated by QAM, lower nxxiulation orders are 
useful, such as QPSK having a four-point constellation. 

20 In pulse amplitude nxxJulation, each signal is a pulse whose amplitude level is selected from a fixed set of levels. 
In 16-QAM. each of the quadrature PAM signals select from uniformly spaced, bipolar anplitudes scaled from anplrtude 
levels -3. -1 , 1 . 3. Spectral efficiency in digital communication systems is defined as the number of transmitted information 
bits per second per unit of bandwidth, i.e.. the ratio of the data rate to the bandwidth. Modulation systems with very high 
bandwidth efTiciency are employed in applications that require high data throughput with small availat)le bandwidtii. QAM 

25 and SSB provide bandwidth efficient nxxiulation. which can provide very low bit error rates when used with high efficiency 
forward error correction codes such as trellis coded modulation (TCM). 

Trellis coded modulation has evolved as a combined coding and nxxiulation technique for digital ti-ansmission over 
t^andlimited channels. Unlike the traditional application of convolutional codes to two-level PAM, which increases the 
barxlwidth used in transmission, TCM increases the constellation size instead. In TCM schemes, a sequence of "coded" 

30 bits are convolutional ly erxxxied into a sequence of groups which partition the symbol constellatbn. For each encoded 
group of a QAM constellation, a number of "uncoded" bits are transmitted by selecting a unique constellation element 
of the group. Most TCM schemes map one step of the convolutional code trellis to one transmission synrritx>l which 
consists of two QAM components (I, Q). Such two-dimensional (2-D) codes achieve a throughput of an integer number 
of information bits per 2-D symbol. 

35 At a receiver, the sequence of transmitted groups is decoded by a soft-decision maximum likelihood (ML) convolu- 
tional code decoder. Such TCM schemes can improve the robustness of digital transmissbn against additive noise by 
three to six dB or nrx>re, compared to uncoded modulation at the same information rate. One widely used technique for 
efficient ML decoding of convolutional codes is the Viterbi algorithm disclosed in A. J. Vrterbi and J. K. Omura, Principles 
of Digital Communications and Coding. New \brk, New York, McGraw Hill 1 979. It is known that decoding of high-rate 

40 R convolutional codes can be simplified by using "purx;tured" codes, which are ot>tained by periodically deleting some 
of the output bits of a lower rate code. A rate 1/n code can be punctured to a rate m/k and can be easily decoded witii 
simple modifications to a rate 1 Ai decoder. An example of such a decoder is provided in commonly assigned, copending 
U.S. patent application serial no. 08/054,642 filed on May 5, 1993 for "Apparatus and Method for Communicating Digital 
Data Using Trellis Coding with Punctured Convolutional Codes." 

45 Fast recovery from phase ambiguities is very important for robust modem design. Of ail the tracking loops in a typical 
receiver, such as the automatic gain control, adaptive equalizer, and canier timing loop, the carrier recovery loop is often 
the most fragile, resulting in noise. Phase ambiguities can cause a carrier timing slip, requiring a major resynchronization 
of the forward enor correction (PEC), leading to a burst of errors at the FEC output The Viterbi algorithm (or other 
sequence estimator used) must detect the event and restart the decoding. Therefore, it woukl be desirable to provide a 

so coding metiiod tiiat quickly recovers from a phase rotation witiiout causing the FEC to change state. Such a coding 
method would be particularly useful in the design of a receiver tiiat can cancel large amounts of phase noise introduced 
in the mixing process. 

To robustly track phase jitter, the carrier timing loop bandwidtii is typically opened, causing the signal-to-nolse ratio 
(SNR) in the loop to degrade. This leads to exposure to phase flips, limiting the ability of tiie receiver to handle phase 
65 noise. Quick recovery from carrier timing loop slips enat)les a more aggressive phase noise cancellation to be imple- 
mented without the risk of a large error burst appearing at the output of the FEC. 

One problem that has been encountered witii multilevel modulation technk^ues, particularly when used with trellis 
coding. Is that 90* phase ambiguities may occur in the signal received from a communication channel. Such phase 
ambiguities make it difficult to determine the absolute phase of the symbol that has been received. Decoding errors will 
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occur when incorrect assunnptions are made as to whether one point or another point in the same group, but offset by 
SO**, has been received. 

It would be advantageous to provide a rotationally invariant trellis encoding/decoding scheme for use in a QPSK or 
QAM transmission system or the like. Such a scheme should resolve all multiples of 90*" phase ambiguities. Quick 
5 recovery from phase flip in a receiver should be provided. Any propagation of errors should be insignificant, and coding 
gain shouki not be adversely affected. 

The present inventton provides a rotationally Invariant trellis encodingAdecoding scheme enjoying the afbremen- 
ttoned advantages. 

10 SUMMARY QF THE IfWKNTIQN 

In accordance with the present invention, a rotationally invariant trellis coder is provided for encoding input data to 
be transmitted to a receiver using a two<limensional symbol modulation. A precoder is provided for processing said 
input data. The precoder conprises nonlinear logic that is the inverse of lo^c provided by a counterpart postcoder at 

IS said receiver. An encoder encodes the precoded data using a transparent binary convolutlonal code, whtoh can be a 
punctured code Means are provkied lor mapping the encoded data from the encoder to a two-dimensional signal space 
having a plurality of signal points. The signal points are labeled with unique binary codes in which the two least significant 
bits, denoted by (I, Q). are permuted and partially complemented to (Q. Q for each 90** phase rotation around the signal 
space. The remaining most significant bits for each point if any, are invariant to such rotation. 

20 In an illustrated embodim&it. the precoder converts a first Input data stream wj and a second input data stream Z| 
data to con-esponding precoded data streams Xj and yj. respectively, using feedback of delayed data and yj.^ in 
accordance with the relationships: 

Xj^j®Xj.,®ZjO(Xj.i®yj.^), and 
y j=z j®w ,©y ez jO(x ®y j.^ ). 

The arxJ yj data sfreams output from the precoder are convolutionally encoded to provide the two least significant bits 

of symbols that are mapped to the signal points in the signal space. In a QAM errdx>diment. as opposed to a QPSK 
30 enrdx>diment, uncoded bits are provided in addition to the coded bits. Means are provided for parsing the uncoded bits 

from the input data for use tsy the mapping means. TTie uncoded bits represent the most signif k:ant bits of the symbols 

that are nrtapped to the signal points in the signal space. 

A decoder is provkied for use in decoding symbols output from the trellis coder. At least one sequence estimator. 

such as a Viterbi algorithm, is used to recover the precoded data from a received data stream. A postcoder Is provided 
35 for receiving and processing the recovered precoded data to provkie output data that is invariant to SO"* rotations of tiie 

recovered precoded data. 

In order to accomnfKxJate QAM data, means can be provided in tiie decoder for pruning the received data stream 
to recover coded and uncoded bits tiierefrom. The coded bits are input to the sequence estimator. Means are provided 
for selecting uncoded in-phase (I) data or uncoded quadrature phase (Q) data for combination with tiie postcoded data 
40 from the postcoder. The precoded data recovered by the sequence estimator is reencoded for use in actuating the 
selecting means to select the uncoded I data or the uncoded Q data. 

Where the precoder converts a first Input data stream wj and a second input data stream zj to corresponding pre- 
coded data streams 39 and yj. respectively, as set f ortii above, the postcoder will convert the precoded data recovered 
from tiie data streams, namely and yj*. respectively, to a first output data stream Wj* and a second output data stream 
45 Zj' in accordance witii the relationships: 

w/=x/©yj.i'©(xj'©yj')o{x^/®yj.,'). and 

Zj'=yj'©Xj'©y^/©Xj./. 

60 

The invention also provkies a precoder for use in a rotationally invariant trellis coder. A first path of the precoder 
has a plurality of exclusive OR gates for converting a first input data stream wj to corresponding precoded data 39. A 
second patii has a plurality of exclusive OR gates for converting a second input data sti-eam zj to corresponding precoded 
data yj. A first feedback path is coupled to obtain the precoded data xj from the first path. The first feedback path includes 
65 delay means for providing previous data Xj.^ . A second feecft>ack path is coupled to obtain the precoded data yj from tiie 
second patti. The second feedback patii includes delay means for providing previous data yj.^ The first and second 
feedback paths have at least one common exclusive OR gate and at least one common AND gate. The precoder converts 
the first and second input data streams to tiie precoded data in accordance with the relationships: 
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X|sWj0Xj.^SzjO(xj.^®y|.^), and 
y,=Zjewjey^^ezj©{Xj.,eyj.i). 

5 A postcoder for use in a rotationaHy invariant trellis decoder is also provided. The postooder includes a first path 
having a plurality of exclusive OR gates for providing an output data stream W|* from a received preceded data stream 
X|* recovered using a sequence estimation algorithm, such as a VrterkM' algoritiim. A second path has a plurality of exclu- 
sive OR gates for providing an output data stream zj* from a received preceded data stream yj' recovered using the 
sequence estimation algorithm. An AND gate has a first input coupled to receive ttie exclusive OR of the preceded data 

10 streams Xj' and yj* from the first and second paths, respectively. A second input of the AND gate is coupled to receive 
the exclusive OR of delayed data streams and y-^i ' from the first and second paths, respectively. The AND gate has 
an output coupled to an input of one of the exclusive OR gates in the first path. The postcoder produces the output data 
streams wj* and Zj' from the precoded data streams x^* and yj' in accordance with the relationships: 

IS w j'»Xj*©y J., -©(Xj'ey j')©(x^i 'By^^ and 

Zj =yj'©Xj*©y|.^'©Xj.^'. 

A method is provided for ceding digital data to enable rotationaHy invariant trellis coded modulation thereof. A stream 

20 of bits to be coded is first precoded to render them rotationaHy invariant when encoded with a transparent binary con- 
volutionai code and sut)sequentfy decoded and postceded at a receiver. The precoded bits are encoded using the trans- 
parent binary convolutional code to provide coded information. The coded information is mapped to a two-dimensional 
signal space having a plurality of signal points. The signal points are labeled witii unique binary codes in which the two 
least significant bits, denoted by (I. Q). are permuted and partially complemented to (Cf. I) for each 90** phase rotation 

^ around the signal space. The remaining most significant bits for each point if any. are invariant to such rotation. 

The coded information provided by the metiiod of the invention can be representative of in-phase (I) and quadrature 
phase (Q) data. The I and Q data are transmitted over a communication channel in accordance with the signal space 
mapping. The 1 and Q data are received from the communication channel and demodulated. The coded information for 
the 1 and Q data is decoded to recover tiie precoded bits. The recovered precoded bits are postceded to reverse the 

30 effect of the preceding step in order to recover the stream of bits. 

When the method is used for QAM transmission, the data is parsed prior to tiie preceding step into a stream of 
uncoded bits and the stream of bits to be coded. The uncoded bits are mapped to the most significant bits of signal 
points in the signal spaca The coded information derived from the stream of bits to be coded is mapped to the least 
significant bits of the signal points. The uncoded bits and coded infbrmation can represent in-phase and quadrature 

35 phase data. The I and Q data are transmitted over a communication channel in accordance with the signal space map- 
ping. The 1 and Q data are received from the communication channel and demodulated. The demodulated 1 data is 
pruned to recover corresponding uncoded bits and coded information. The demodulated Q data is also pruned to recover 
conresponding uncoded bits and ceded information. The pruned coded information for tiie I and Q data is decoded to 
recover the precoded bits. The recovered precoded bits are postceded to recover the stream of bits that was coded at 

40 the encoder. The recovered precoded bits are reencoded using the transparent binary convolutional code to provide 
control signals. Uncoded bits pruned from the I data or from the Q data are selected in response to the control signals 
for combination with the stream of bits recovered the postcoding step in order to reconstruct the digital data. 

BRIEF DESCRIPTION OF THE DRAWINGS 

4S 

Rgure 1 is a block diagram of a rotationaHy invariant encoder in accordance wKh the present invention; 
Figure 2 is an illustrative emtxxiimertt of a precoder that can be used in the encoder of Figure 1 ; 
Rgure 3 is an illustrative embodiment of a postcoder that can be used in a decoder for signals received from the 
encoder of Figure 1; 

so Rgure 4 is a constellation diagram for a OPSK implementation in accordance witii the present invention; 
Rgure 5 is a constellation diagram for a 16-QAM embodiment in accordance witii the present invention; 
Rgure 6 is a constellation diagram for a 64-QAM embodiment in accordance with tiie present Invention; 
Rgure 7 is a block diagram of a decoder in accordance with the present invention; and 

Rgure 8 is a block diagram of a binary convolutional code encoder that can be used in accordance with the present 
55 inventioa 
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PETAILEP DESCRIPTION PF THE INV^rfTION 

The present invention provides a method and apparatus for incorporating a rotationaily invariant trellis encoding 
scheme into a two-dimensional symbol (e.g., QPSK or QAM) transmission system subject to a 90** phase ambiguity. 
5 The method of coding Involves the use of a transparent binary convolutional code and a two-dimensional signal space 
mapping in conjunction with a precocfing and postcoding function. The method is compatible with any transparent binary 
convolutional code, including punctured codes. An exanrple of such a code is the 64-state code described in J. A. Heller 
and 1. M. Jacobs. "Viterbi Decoding fbr Satellite and Space Communication." IEEE Trans. Commun. Technol.. COM-19. 
pp. 835-848. October 1971. 

10 Rotationaily invariant (Rl) trellis codes with Rl encodersAincoders are highly desirable as a method of handling 90*" 
phase ambiguities in transmission systems such as QPSK and QAM. The coding method of the present invention utilizes 
a tiBnsparent binary convolutional code. A binary convolutional code (BCC) is said to be transparent if the complement 
of any codeword Is always a codeword. Since BCCs are linear codes, a BCC is transparent if and only if the "all IV 
sequence Is a codeword. Fbr an (n. 1^ BCC described t>y a generator matrix G(D) (a kxn polynomial matrix of rank k) 

IS and a parity check matrix H(D) (a n-(kxn) polynomial matrix of rank n-k. G(D)H(D)' = 0), the code is transparent if and 
only if ttie sum of the columns of H(D) is divisible by 1 -D. 

A rotationaily invariant code always has a rotationaily invariant encoderAjncoder. Such an encoder/uncoder has the 
property tiiat the output of the uncoder fbr any codeword is the same as the output when ttie codeword is first rotated 
by 0*. 90*. 180'' or 270** before being presented to the uncoder. in other words, a codeword and rotated version thereof 

20 produce the same output at the uncoder. Such an uncoder is required to be feedback-free as. fbr example, in a finite 
impulse response (FIR) filter, to ensure finite error propagation at the receiver, while the encoder has feedback as. fbr 
example, in an infinite impulse response (MR) filter. 

The transparent binary convolutional code is mapped to a two-dimensional signal space which is uniquely labeled. 
In particular, counterpart symbols in successive syrnbol groups are labeled with least significant t>its (I. Q) such that 

25 under counterclockwise 90° rotation, tfie LSBs will be permuted and partially complemented to (Q. I). For a QPSK 
constellation, if the two bits labeling the fbur points are denoted by (Ij, Q|). then 

(/y,Qy)^(S},/y)->(r;,Q>^(Oy,7})-.(/^,Qy). 

30 The key to this mapping is that under 90* rotation, 

(/,,Qy)-»0},/y). 

figure 1 illustrates an encoder in accordance with the present invention. Serial data to be encoded is Input via 
35 terminal 10 to a parser 12. which in the case of modulation levels higher than QPSK (ag., QAM) parses the data Into 
uncoded bits uj output on path 1 6 to mapper 26 and a first data stream (Wj) as well as a second data stream (zj) that are 
input to a precoder 14. The precoder 14 precedes tiie data streams (wj, zj) to render tiie data represented thereby 
rotationaily invariant at a receiver when properly encoded and mapped at the encoder and decoded and postcoded at 
the receiver. The preceded data output from precoder 14 (Xj. yp is input to optional feedback matrices 1 8. 20, respectively. 
40 The two binary outputs of the precoder are independentiy encoded with separate binary convolutional encoders 22. 24. 
The BCC outputs, along with the remaining uncoded information uj on line 16 are combined to select tiie QAM constel- 
lation point to be transmitted. It shoukj be appreciated ttiat in a QPSK implementation, there are no uncoded bits and 
line 16 is not necessary. 

The mapping of the BCC outputs is such that they irxJependentiy select the least significant bit (LSB) of the T and 
45 "Q" coordinates. In addition, the uncoded or parallel edge" information uj is rotationaily invariant. 

The encoding of the transparent code described t>y the polynomial generator matrix G(D) is accomplished by the 
optional feedback matrix F"<(D) followed by the feedforward generator G(D). This structure allows fbr various encoders 
for the selected code. For example, a "systematic" encoder is possible. The only requirement on the encoder matrices 
is that if the input to G(D) (or F~1(D)) is complemented such that zeros become ones, and vice versa, then the output 
so is complemented. This is always possible fbr a transparent BCC. 

The precoder 14 has a structure that results in rotational invariance when combined with a trartsparent BCC and 
the aforementioned rotationaily invariant labeling of the signal set (described in greater detail below in connection with 
Rgures 4-6). In the preferred embodiment, the precoder converts the wj and zj data to corresponding preceded data )^ 
and yj. respectively, using feedback of delayed data Xj.i and yj.i in accordance with the relationships: 

55 

Xj=Wjexj.iezjO(Xj.i®yj.i). and 
yj=Zjewj©yj,,®Zj©(Xj.^®yj.i); 
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in which the symbol ® represents an exclusive OR operation and the symbol o represents an AND operation. 

A counterpart postcoder is necessary at the decoder, described in greater detail below in connection with Figure 7. 
The postcoder converts the precoded data and yy recovered from a communication channel to respective wj' and zj* 
data in accordance with the relationships: 

5 

Wj'=»xj*®yj.i*©(x/e ypoCx^i'ey^i^and 
zj'=yj*©x/e yj.i'® Xj.,*. 

10 The ^. yj. wj and zj terms are primed in the postcoder equations merely to represent that they may be nonidentical to 
the con-esponding terms at the precoder. due to (1) errors introduced In the communication channel and (2) a phase 
discrepancy of 90^, 180"* or 270*" between the absolute phase of the transmitter and receiver. Ideally, however, up to the 
phase disaepancy. these ternns would be identical at botii the precoder and postcoder. 

It can be seen from the above relationships that (1 ) the postcoder inverts the precoder. (2) the output of the postcoder 

15 is the same under the map {x^yp-^xp (or any integer power of this map), and (3) the postcoder function is feedback- 
free (i.e.. it represents a "sliding window** function of its input) and thus limits error propagation. 

A preferred implementation of precoder 14 is illustrated in Rgure 2. The wj information is input via terminal 30 to a 
first path having a plurality of exclusive OR gates 34. 36. The zj information is input to a second patii having a plurality 
of exclusive OR gates 40. 42. 44 via input terminal 32. A first feedback path is coupled to obtain the precoded data xj 

20 from the first path, and includes a delay 38 (e.g.. a flip-flop) for providing previous data . A second feedback path is 
coupled to obtain the precoded data yj from tiie second path. The second feedback paUi includes delay means 46 for 
providing previous data yj.^ The first and second feedback paths have at least one conrtmon exclusive OR gate 48 and 
one common AND gate 50. Those skilled in the art will appreciate that the implemerrtation illustrated in Figure 2 will 
process the wj and zj information in accordance wiUi the precoder relationships set forth above in order to provkJe tiie 

25 Xj and yj tenms which result in rotational invariance when combined with a transparent BCC and the rotationally invariant 
labeling of the signal set. 

A preferred implementation of a postcoder 130 is illustrated in Figure 3. The X|' term is input via terminal 60 to a first 
path having a plurality of exclusive OR gates 64. 66 for providing the wj' information. The yj* information is input via 
terminal 62 to a second path having a plurality of exclusive OR gates 70, 76 for providing the zy information. An AND 

30 gate 74 has a first input coupled to receive the exclusive OR of the precoded data xj* and yj* from the first and second 
paths, respectively, via exclusive OR gate 70. AND gate 74 has a second input coupled to receive the exclusive OR of 
delayed signals ' and y^.^ ' from the first and second paths, respectively, via delays (e.g., flip-flops) 68. 78 and exclusive 
OR gate 72. The output of AND gate 74 is coupled to an input of exclusive OR gate 64 in the first path. The postcoder 
1 30 illustrated in Figure 3 will therefore process ttie }c{ and yj* data recovered from the communication channel In acoord- 

35 ance with the postcoder relationships set forth above. 

Rgure 4 illustrates a rotationally invariant labeling in accordance wttti a QPSK implementation of the present inven- 
tion. The numbers adjacent the symbol groups X, +, *, and o are octal references. The QPSK signal space 80 includes 
four points, each in one of the four symbol groups. The rotationally invariant labeling of tiie present invention is such 
that the least significant bits of symbol X are (0.0), of symbol + are (1 .0), of symbol * are (1.1). and of symbol o are (0,1 ). 

40 Thus, it can be seen that under counterclockwise rotation by SO*", 1 SO"". 270"" and 360** ttie labels will change as follows: 

(0.0) (1.0) (1.1) (0.1) (0,0) 
X + • o X ' 

46 If the two bits labeling the four points in the QPSK signal space 80 are denoted by (Ij. Op. then it can be seen that tiie 
fbllowing relationship is satisfied: 

(//.Qy)->(Q}./y)-*(/}.3>-»(0/./})->(V0/). 

60 To extend this labeling to QAM modulation, the points are labeled in such a way that (1) the two least significant 
bits. (Ij. Qp satisfy {Ij, C?^->(C^ ip under SO"" rotation and (2) the remaining most significant bits are invariant to 90'' rotation. 
Such a labeling exists fbr all 90* symmetric QAM signal sets (ag.. square and cross constellations). 

Rgure 5 illustrates such a labeling for a 16-QAM implementation. Again, the labeling of the symbols Is indicated in 
octal, and complies with the labeling convention set forth above. In the 16-QAM implementation, the signal space 90 

65 contains four nrxxlulation levels 91 , 93, 95 and 97. Modulation level 93, for example, contains the four points + (labeled 
octal 06), * (labeled octal 07), o (labeled octal 05). and X (labeled octal 04). Octal 04 is represented in binary by the bits 
-0100". Octal 06 is represented by "01 10*. Octal 07 is "01 1 r and octal 05 is "0101 ". Any 90' counterclockwise rotation 
within modulation level 93 of signal space 90 will permute and complement tiie left one of the two least significant bits, 
with the two most significant bits remaining invariant. This can be seen by comparing signal point + (octal 06) to signal 
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point • (octal 07), in which the least significant bits change from "10"to "1 1", conrtplying with the relationship (fpOp-^'Dj^ip. 
At the same time, the most significant bits "QV remain the same for each of the points + and * in modulation level 93. 
The labeling convention holds true for each and every point within the 16-QAM constellation illustrated in Figure 5. 
Figure 6 illustrates a 64-QAM irrplementation. Again, the labeling convention holds for each and every point within 

5 signal space 94. As with Rgures 4 and 5. each of the symbols in Rgure 6 is annotated with its octal representation. 

The rotational invariance provided by the present invention can be easily understood by referring to the symbol 
labeling of Figures 4*6. For simplicity, it is helpiful to refer to Figure 5, where it can be seen that the counterclockwise 
progression from an X to a -i- will always represent a 90** phase shift regardless of where the actual points appear in 
the signal space. If the whole signal space is shifted by 90*", ISC' or 270<*, the relationship between the X symbol and 

10 + symbol will still be 90*^. Similarly, an * symbol will always represent a 90^ shift from a +. an o will always represent a 
90*" shift from an and an X will always represent a 90" shift from an o. Rotational invariance is achieved by encoding 
into the phase change, arxJ not relying on the actual phase value. 

Rgure 7 illustrates a decoder that can be used in accordance with the present invention. Data received from a 
transmission channel Is input via terminal 1 00 to a conventional receiver and adaptive equalizer 102. Separate process- 

15 ing hardware 104. 106 is illustrated for each of the in-phase (I) and quadrature phase (Q) data, although much of the 
hardware could be shared In an integrated circuit implementation, as well known in the art. 

The data represented as I data is pruned t>y a pruner 108 into uncoded bits which are delayed by a buffer (e.g.. f Bp- 
flop) 110 before being input to a selector 118. The coded bits are input to a sequence estimator 112, which can comprise 
a standard Vitertsi decoder. Algoritiims other than the Viterbi algorithm, such as sequential decoding algorithms, could 

20 alternatively k>e used. The sequence estimator recovers the preceded bits Sj* (as preceded by precoder 1 4 at the encoder), 
which are reencoded by a BCC encoder 114. The reencoded preceded bits provide control signals for actuating selector 
1 18 to choose tfie appropriate uncoded bits uj' for combination with the recovered and postcoded stream of coded bits 
wj' and zj* in a combiner 132. 

Selector 1 18 can comprise, for example, a multiplexer arrangement in which the two bits from the BCC encoders 

25 1 1 4. 1 26 are used to select among four possible conibinations of the uncoded data bits output from delay stages 110, 
122. The uncoded bits are the most significant bits of the symbol, and are rotationally invariant Once the coded bits 
have been Klentified by the sequence estimators and reencoded by the BCC encoders 114, 126, they will kferrtify, due 
to the mapping used, whether the I data path or Q data patti MSBs are the proper ones to select In an alternative 
implementation, selector 1 18 could be a lookup table that is addressed by the two bits oulput from the BCC encoders 

30 114,126. 

The recovered coded bits for the data designated as 1 data are processed by an optional feedforward matrix 116 
which is the inverse of the optional feedback matrix 1 8 shown in Figure 1 . These bits (Xj*) aretiien postcoded In postooder 
130. which was disojssed atxsve in connection with Rgure 3. 

The processing of the data designated Q data is Identical to that designated I data. A pruner 1 20 prunes the uncoded 
35 bits, which are delayed by buffer 122 before being input to selector 118. Sequence estimator 124, BCC encoder 126. 
and optional feedforward matrix 128 are equivalent to elements 112, 1 14 and 1 16. 

It should be noted in connectton with the decoder of Rgure 7 tiiat the decoded data will be the same regardless of 
any multiple of 90* rotation of the input data. The postooder 1 30, the reencoders 114 and 1 26 and ttie optional feedforward 
matrices 1 16 and 128 have no feedback and thus error propagation is limited by providing, in effect, an output that is a 
40 sliding-window function of its input. In addition, error propagation of tiie decoded bits, as they pass through the uncoder. 
is typically dominated by the error propagation in the reencoder (114, 126). 

Rgure 8 illustrates an example of a BCC encoder (F(D) s 1) that can be used for the encoders 22, 24, 1 14 and 126 
Illustrated in Rgures 1 and 7. Although any tiansparent BCC can be used in accordance with the invention, the following 
punctured rate 4/5 and rate 3/4 codes are provkied as examples: 

45 

RATE 4/5 

Punctured 1/2, 16-state, 0(^0 » 3, NH s 2 

Go « (1+0^+0*.1+0+D^+D\D^)(Oc«a/:25,37) 

p^pOOO>| 
l,111lj 

55 
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'UD UD 11 1 ' 
0 D 1+D 1 1 
^ D D D 1+D 1 
5 \ 0 D D D 1+D> 

H o (1+0+0^+0®+ D^,1+D^+D*,D+D^+D^O+D^,D+D^+D'*) 

RATE 3/4 

10 

Punctured 1/2, 16-6tate. » 4. NH s 8 

Go = (1+0^+D*,1+D+D^+D%D'*)(Ocfa/55.37) 



20 



G=^ 



^ 1 

o 



1+D 
D 



LD^ D+D^ 



1+D 1 ^ 
1+D 1+D 
D 1+D> 



H = (1+D+D^+D%D'*,1+D^+D'*.D+D^+D'*,D+D^+D'^) 

25 

It should now be appreciated that the present invention provides rotationally invariant trellis codes for use with. 
e.g., QPSK and QAM transmission systenis. The method of coding involves the use of a transparent binary convolutional 
code, a unique twodimensional signal space mapping, together with a preceding and postcoding function which renders 
the postcoder output the same regardless of the phase of Its input 
30 Although the invention has been described in connection with various preferred embodiments, it should be appre- 
ciated that numerous adaptations and modifications may be made thereto without departing from the spirit and scope 
of the invention as set forth in the daims. 



Claims 

35 

1 . A rotationally invariant trellis coder for encoding input data to be transmitted to a receiver via a two-dimensional 
symbol modulation, comprising: 

a precoder for processing said input data, said preooder comprising nonlinear logic that is the inverse of logic 
provided by a counterpart postcoder at said receiver; 
40 an encoder for encoding said precoded data using a transparent binary convolutional code; and 

means for mapping the encoded data from said encoder to a two-dimensional signal space having a plurality 
of signal points, said points being labeled with unique binary codes in which the two least significant bits, denoted 
by (Ij'Qj). are permuted and partially complemented to (^.Ij) for each 90*" phase rotation around the signal space, 
the remaining most significant bits for each point if any. toeing invariant to such rotation. 

45 

2. A trellis coder in accordance with claim 1 wherein said precoder converts a first input data stream wj and a second 
input data stream zj to con^esponding precoded data streams Xj and yj. respectively, using feedback of delayed data 
X|.i arKJ yj.1 in accordance with the relationsh^: 

so XjBWj®Xj.^0jO(xj.^®yj.^). and 

yj=2jewj®y^^®Zj0(x,.,ey,.,). 

3. A ti^ellis coder in accordance with claim 2 wherein the 3^ and yj data streams output from said precoder are cortvo- 
55 lutfonally encoded to provide the two least significant bits of symbols that are mapped to the signal points in said 

signal space. 



4. A trellis coder in accordance witii daim 3 further comprising: 

means for parsing unooded bits from said input data for use ksy said mapping means: 
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wherein said uncoded bits represent the most significant bits of said syntels that are mapped to the signal 
points In said signal spaca 

5. A decoder for use in decoding symbols output from the trellis coder of claim 1 . comprising: 

at least one sequence estimator for use in recovering said precoded data from a received data stream; 
wherein said postcoder receives and processes the recovered precoded data to provide output data that is 
invariant to 90" rotations of the recovered preceded data. 

6. A decoder in accordance with claim 5 further comprising: 

means for pruning said received data stream to recover coded and uncoded bits therefrom, said coded bits 
being input to said sequence estimator: 

means for selecting uncoded in-phase (I) data or uncoded quadrature phase (Q) data for combination with 
the output data from said postcoder; and 

means for reencoding the precoded data recovered by said sequence estimator for use in actuating said 
selecting means to select said uncoded I data or said uncoded Q data. 

7. A decoder in accordance with claim 5 wherein: 

said precoder converts a first input data stream wj cmd a second input data stream zj to corresponding pre- 
coded data streams and yj. respectively, using feedback of delved data xj.^ and yj.^ in accordance with the 
relationships: 

Xj=Wj®Xj.^©ZjO(Xj.i®yj.^), and 

yj=z j©Wj®yj.^ezjO(Xj.i®yj.i); and 

said postcoder converts the recovered precoded data comprising data streams x^* and yj' to first and second 
output data streams Wj' and z{, respectively, in accordance with tiie relationships: 

Wj'^x;© yj.i'®(xj'© yjOoCxj.^'® y^^X and 

zj'«yj'®xj'©yj.i'©xj.i'. 

8. A decoder in accordance with claim 1 , wherein said transparent binary convolutional code is a punctured code. 

9. A precoder for use in a rotationally invariant trellis coder comprising: 

a first path having a plurality of exclusive OR gates for converting af irst irput data stream Wj to a corresponding 
precoded data stream x^: 

a second path having a plurality of exclusive OR gates for converting a second input data stream Zj to a 
corresponding precoded data stream yj; 

a first feedback path coupled to obtain said precoded data stream x^ from said first path, said first feedback 
path including delay means for providing previous data Xj.^; 

a second feedt>ack patii coupled to obtain said precoded data stream yj from said second path, said second 
feedback path including delay means for provkling previous data yj.^ ; 

said first and second feedback patiis having at least one common exclusive OR gate and at least one common 
AND gate; and 

said precoder converting said first arxl second input data streams to said precoded data streams in accord- 
ance with the relationships: 

Xj=W|©Xj.^®ZjG(Xj.^©y|.^), and 
y j=z j©wj®y ®z jO{x^i ©y ^.^ ). 

10. A postcoder for use in conrt)ination with the precoder of daim 9 comprising: 

a third path having a plurality of e)^usive OR gates for producing an output data stream Wj* from a received 
precoded data stream xf: 

a fburth path having a plurality of exclusive OR gates for producing an output data stream zf from a received 
precoded data stream yj*; and 

an AND gate having a first input coupled to receive the exclusive OR of tiie precoded data streams x^' and 
yj* from said third and fburth paths, respectively, and a second input coupled to receive the exclusive OR of delayed 
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data streams x^^* and yj.t' from said third and fourth paths, respectively, said AND gate having an output coupled 
to an input of one of the exclusive OR gates in said third path; 

said postcoder producing said output data streams and zj' from said preceded data streams xf and yj* in 
accordance with the relationships: 

s 

wj*=xj*®y^^ '©(xj^ey jOoCxj.i '©y j.^ •). and 

Zj"=yj'©Xj*©yj.i*©Xj./. 

10 1 1 . A postcoder for use in a rotat'onally invariant trellis decoder comprising: 

a first path having a plurality of exclusive OR gates for providing an output data stream wj' from a received 
preceded data stream recovered using a sequence estimation algorithm; 

a second path having a plurality of exclusive OR gates for providing an output data str^m zj* from a received 
precoded data stream yj' recovered using said sequence estimation algorithm; and 
IS an AND gate having a first input coupled to rece'rve the exclusive OR of the precoded data streams and 

yj' from said first and second paths, respectively, and a second input coupled to receive the exclusive OR of delayed 
data streams 3^1' and yj.^ from said first and seoorxi paths, respectively, said AND gate having an output coupled 
to an input of one of the exclusive OR gates in said first path; 

said postcoder producing said output data streams wj' and Zj' from said precoded data streams ^* and y{ in 
20 accordarKe with the relationships: 

Wj'=Xj'©y|.i*©(Xj*©yjO0(Xj.i*©yj.,').and 

Zj=y/©Xj'®yj./®Xj.i'. 

25 

12. A method for cocfing digital data to enable rotationally invariant trellis coded modulation thereof, comprising the 
steps of: 

precoding a stream of bits to be coded to render tiiem rotationally invariant when encoded with a transparent 
binary convolutional code and subsequentiy decoded and postooded at a receiver: 
30 encoding the precoded bits using said transparent binary convolutional code to provide coded information; 

and 

mapping the coded information to a two-dimensional signal space having a plurality of signal points, said 
points being labeled with unique binary codes in which the two least significant bits, denoted by (lj,Qj). are permuted 
and partially complemented to (^.ip for each 90'' phase rotation around the signal space, the remaining most sig- 
3S nif leant bits for each point, if any. being invariant to such rotation. 

13. A method in accordance with claim 12 wherein said coded information is representative of In-phase (Q and quad- 
rature phase (Q) data, said method comprising the further steps of: 

transmitting the I and Q data over a communication channel In accordance with said signal space mapping; 
40 receiving and demodulating the I and Q data from said communication channel: 

decoding the coded information for the I arxj Q data to recover the precoded bits; arxJ 

postcoding the recovered preceded bits to reverse the effect of said precoding step and recover said stream 

of bits. 

46 14. A method in accordance wKh claim 12 comprising the further step of: 

parsing said data prior to said precoding step into a stream of uncoded bits and said stream of bits to be 

coded; 

wherein said uncoded bits are mapped to the most significant b'rts of signal points in said signal space and 
the coded information derived from said stream of bits to be coded is mapped to the least significant bits of said 
so signal points. 

15. A method in accoitiance with claim 14 wherein said uncoded bits and coded information are representative of in- 
phase (I) and quadrature phase (Q) data, said method comprising the further steps of: 

transmitting the I and 0 data over a communication channel in accordance with said signal space mapping; 
ss receiving and denxxiulating the I and Q data from said communication channel; 

pruning the demodulated I data to recover corresponding uncoded bits and coded information; 
pruning the derrxxlulated Q data to recover corresponding uncoded bits and coded information; 
decoding the pruned coded information ffor the I and Q data to recover the preceded bits; 
postcoding the recovered preceded bits to recover the stream of bits that was coded; 
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reenooding the recovered preceded bits using said transparent binary oonvolutional code to provide control 
signals; and 

selecting uncoded bits pruned from said I data or from said Q data In response to sard control signals for 
combination with the stream of bits recovered by said postcoding step in order to reconstruct said digital data. 
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